In the vertebrate retina, the light responses of post-receptor neurons depend on the ambient or background illumination. Using intracellular recording, we have found that a circadian clock regulates the light responses of dark-adapted fish cone horizontal cells. Goldfish were maintained on a 12-hr light/12-hr dark cycle. At different times of the day or night, retinas were superfused in darkness for 90 min ("prolonged darkness"), following which horizontal cells were impaled without the aid of any light flashes. The vertebrate retina is able to respond to visual images in starlight, in the midday sun, and at all times in between, during which the ambient or background illumination changes by 6 to 12 orders of magnitude (1, 2). This ability derives from the presence of two kinds of photoreceptor cells, rods and cones, which subserve nighttime and daytime vision, respectively, and from at least two kinds of adaptive mechanisms. The first kind of adaptive mechanism, photoreceptor adaptation, is determined by the relative degree of visual pigment bleached or regenerated in photoreceptors (3) and by the regulatory role of Ca2+ in the phototransduction process (4). The second adaptive mechanism, network or neural adaptation, is determined by post-receptor cellular and synaptic mechanisms of retinal networks or circuits (3).
were impaled without the aid of any light flashes. In some of the experiments, fish were kept in constant darkness for 3-48 hr prior to surgery. After prolonged darkness during the night, but not during the day, the light responses of L-type cone horizontal cells resembled those of rod horizontal cells with respect to threshold, waveform, intensity-response functions, and spectral sensitivity. Following light sensitization during the night and day, the light responses of rod and cone horizontal cells were clearly different with respect to threshold, waveform, intensity-response functions, and spectral sensitivity. Under conditions of constant darkness for two full light/dark cycles, average responses of cone horizontal cells to a bright light stimulus during the subjective day were greater than during the subjective night. Prior reversal of the light/ dark cycle reversed the 24-hr rhythm of cone horizontal cell responses to bright lights. In addition, following one full cycle of constant darkness, average cone horizontal cell spectral sensitivity during the subjective night closely matched that of rod horizontal cells, whereas average cone horizontal cell spectral sensitivity during the subjective day was similar to that of red (625 nm) cones. These results indicate that the effects of dark adaptation depend on the time of day and are regulated by a circadian clock so that cone input to cone horizontal cells predominates in the day and rod input predominates in the night.
The vertebrate retina is able to respond to visual images in starlight, in the midday sun, and at all times in between, during which the ambient or background illumination changes by 6 to 12 orders of magnitude (1, 2) . This ability derives from the presence of two kinds of photoreceptor cells, rods and cones, which subserve nighttime and daytime vision, respectively, and from at least two kinds of adaptive mechanisms. The first kind of adaptive mechanism, photoreceptor adaptation, is determined by the relative degree of visual pigment bleached or regenerated in photoreceptors (3) and by the regulatory role of Ca2+ in the phototransduction process (4) . The second adaptive mechanism, network or neural adaptation, is determined by post-receptor cellular and synaptic mechanisms of retinal networks or circuits (3) .
Network adaptation likely underlies various reported changes in the light responses of post-receptor neurons that depend on the ambient illumination, including changes in the center-surround receptive field organization of ganglion cells (5, 6) and in the light responsiveness of horizontal cells, a type of second order cell (7) . In nonmammalian vertebrates dark adaptation increases rod, and decreases cone, input to horizontal cells and light adaptation has the opposite effects (8, 9) .
A circadian clock is a type of biological oscillator that has persistent rhythmicity with a period of approximately 24 hr in the absence of external timing cues (e.g., constant darkness). In addition, a circadian clock can be entrained by cyclic environmental stimuli, such as light (10) . In vertebrate retinas, a variety of cellular phenomena are regulated by circadian rhythms, including melatonin production and release (11, 12) , tyrosine hydroxylase activity (13) , dopamine content and release (14) , retinomotor movements (15) , horizontal cell spinule formation (16) , and opsin synthesis (17) . In addition, circadian and diurnal rhythms of visual sensitivity and responsivity, as measured by psychophysical detectability and by the electroretinogram, have been found in many vertebrates, including humans (2, (18) (19) (20) (21) Intact, isolated retinas were superfused at 0.5 ml/min with a Ringer's solution that contained 130 mM NaCl, 2.5 mM KCl, 20 mM NaHCO3, 0.7 mM CaCl2, 1.0 mM MgCl2, and 20 mM glucose, as described (22, 23 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. the aid of any light flashes (9) . Thus, the initial white or monochromatic test stimuli that were flashed immediately following prolonged darkness assessed horizontal cell responsivity and sensitivity without interference of previous light stimuli.
Standard intracellular recording procedures were employed to monitor horizontal cell membrane potential and lightevoked responses. Intracellular pipettes were filled with 2M potassium acetate and had resistances between 100 and 200 Mfl. Cone and rod horizontal cells were identified with spectral and intensity-response curves and by response waveform (22) (23) (24) . Although the responses of cone horizontal cells were suppressed following prolonged darkness, they could be identified following light sensitization (9) . The maximum, unattenuated intensity (IO) of full field white light stimuli from a 100-W tungsten-halogen lamp was 5.0 X 103-,uW-cm-2.
Intensity values indicated in the text are relative to Io. Calibrated neutral density filters were used to control light intensity and narrow-band interference filters were used to control stimulus wavelength.
Relative quantum sensitivity was determined as described (25, 26) . Data were normalized at the wavelength of peak sensitivity (550 or 600 nm). A 1-mV criterion response was used to minimize light sensitization of the dark-adapted state. This response amplitude represents approximately 20% of the maximum dark-adapted response of a cone horizontal cell at nighttime. In the daytime, the dark-adapted maximum response of a cone horizontal cell is about 18 mV. Therefore, we also compared spectral sensitivity using a criterion response of 20% of Vmax. Comparable results to those of Fig. 5 were obtained. Red (625 nm) cone spectral sensitivity data were obtained from Harosi and MacNichol (27) . The maximum,
unattenuated light intensity of the stimulus at 550 nm was 7.2
x 1013 photons-cm-2 sec -1.
The Mann-Whitney U test was used for all statistical comparisons between control and experimental conditions.
RESULTS
The light responses of dark-adapted L-type cone horizontal cells depend on the time of day. Fig. 1 shows a representative intensity-response series for one L-type cone horizontal cell in the morning (top traces) and for a second cell at night (bottom traces). Following prolonged darkness during the daytime, the rising and falling phases of the responses to full field light flashes were fast, response amplitudes averaged 18 mV to the brightest stimuli, and response duration was similar to stimulus duration (top left trace). A slow depolarization at response offset, reminiscent of a rod-mediated tail (8) 5 mV versus average 18 mV) to the brightest stimuli and saturated at a stimulus intensity 4 log units dimmer. In addition, the rising and falling phases of the responses to full field light flashes were significantly slower, response duration was considerably longer than stimulus duration, and response threshold was approximately 2 log units lower. These effects of dark adaptation during the daytime and nighttime occurred both in darkness and in the presence of scotopic background illumination. In fact, a light background (-8.0 log IO) was continuously present for the cells shown in this figure. Following a series of light-sensitizing light flashes (-3 log IO at 0.1 Hz for 2-5 min), the responses of the cone horizontal cells became faster and increased in size to the brightest flashes. Response threshold increased, and during the night, response duration decreased so that it was similar to stimulus duration. Fig. 1 were also obtained for cone horizontal cells in the hybrid striped bass retina (data not shown). In addition, similar effects of dark adaptation and light sensitization as those shown in the bottom traces of Fig.  1 were recently reported to occur in the white perch retina in the evening (9) .
The effects of dark adaptation at nighttime occurred in the presence of scotopic background illumination, but were not observed when the background illumination was in the mesopic range. In fact, a light background (-8.0 log I,) was continuously present for the cells shown in Fig. 1 . In addition, did not prevent the occurrence of the effects of dark adaptation, nor did it produce light sensitization (6 out of 6 cases). In contrast, repetitive flashing of a brighter light (-4.0 log I, at 0.1 Hz for 5 min) prevented the occurrence of the effects of dark adaptation and produced light sensitization (7 out of 7 cases). Thus, stimulation of cones prevents the effects of dark adaptation and produces light sensitization.
Like dark-adapted cone horizontal cells during the nighttime, dark-adapted rod horizontal cells had slow light responses of long duration which saturated in amplitude at an intensity of -6 log I, (Fig. 2) . Response threshold was also similar to that of cone horizontal cells at nighttime. However,
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Light-Sensitized n , n n JLL in contrast to cone horizontal cells, response amplitudes averaged 35 mV to bright stimuli and light sensitization did not appreciably alter the response waveform or increase response size. In addition, rod horizontal cells recorded during the daytime exhibited light responses similar to those of rod horizontal cells recorded during the night both following dark adaptation and following light sensitization (data not shown). Fig. 3a illustrates that the average normalized intensityresponse curve of dark-adapted cone horizontal cells at night closely resembled that of rod horizontal cells, even though the absolute amplitudes of the two cell types differed. In addition, Fig. 3b shows that light sensitization altered the intensityresponse curve of cone horizontal cells at night so that it closely resembled that of light-sensitized cone horizontal cells during the day. In contrast, light sensitization did not appreciably alter the intensity-response curves of cone horizontal cells during the day or of rod horizontal cells.
The above results thus indicate that following dark adaptation, cone input to cone horizontal cells predominates during the day and rod input predominates during the night. In addition, cone horizontal cell responsiveness to bright (--5 log I,) lights during the night is also reduced (cf., ref. 28 ). To test whether a circadian clock regulates these effects, we investigated whether a 24-hr rhythm occurred under conditions of constant darkness. Fish were maintained on a 12-hr light/12-hr dark cycle for at least 14 days and then kept in constant darkness for 3-48 hr prior to surgery. The remainder of the experimental protocol for constant darkness experiments was the same as that used for time of day experiments.
The light responses of cone horizontal cells during the subjective day and subjective night were not observably different from those kept in darkness for 90 min during the day (Fig. 1, top trace, left) and night (Fig. 1, bottom trace, left) , respectively. A circadian rhythm in cone input to cone horizontal cells is illustrated in Fig. 4a , which depicts average responses to a bright light stimulus (-2 log I,) as a function of time in the dark. Following constant darkness, average responses to a bright stimulus are greater during the subjective day [Zeitgeber time (ZT) 0-12, first and second cycles] than during the subjective night (ZT 12-24, first and second cycles). The presence of an endogenous circadian oscillator that regulates cone input to cone horizontal cells is also shown (Fig.  4b) The data suggest that dark-adapted, cone-connected bipolar and ganglion cell surrounds in the fish will be rod-dominated at nighttime due to action of the circadian clock, because horizontal cells contribute to bipolar and ganglion cell surrounds in the fish (33, 34) . If a circadian clock in other vertebrates, such as mammals, also regulates rod and cone input to cone-connected horizontal cells, then one would expect dark-adapted ganglion cell surrounds at nighttime to be rod-dominated in these species as well, since horizontal cells contribute to ganglion cell surrounds in mammals (35) . Interestingly, recent observations of cat ganglion cells indicate that dark-adapted surrounds are rod-dominated (36) . In fact, electroretinogram studies in the intact quail have also indicated that a clock regulates rod and cone pathways (21) . Such a circadian clock-induced functional reorganization of neuronal receptive fields may underlie the circadian rhythm in visual sensitivity and responsivity that has been seen in many vertebrates, including humans (2, (18) (19) (20) , especially if there is circadian clock control of bipolar and ganglion cell centers as well.
Light sensitization of fish cone horizontal cell light responses can occur during the night (Fig. 1, bottom right) (12) (13) (14) 37) , influences the light responses of cone, but not rod, horizontal cells (22, 38) .
In summary, a circadian clock regulates the light responses of cone horizontal cells so that the effects of dark adaptation depend on the time of day. Because of the action of the clock, cone input to cone horizontal cells predominates in the day and rod input predominates in the night. Circadian clock regulation of rod and cone pathways should enhance visual sensitivity at dusk and visual acuity at dawn. The adaptational state of the retina is therefore not simply a reflection of environmental cues, such as the onset of day or night, but is also regulated by 
